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CombustionAbstract This paper presents the performance and emissions contours of a hydrogen dual fueled
compression ignition (CI) engine with two pilot fuels (diesel and rapeseed methyl ester), and com-
pares the performance and emissions iso-contours of diesel and rapeseed methyl ester (RME) single
fueling with diesel and RME piloted hydrogen dual fueling throughout the engines operating speed
and power range. The collected data have been used to produce iso-contours of thermal efﬁciency,
volumetric efﬁciency, speciﬁc oxides of nitrogen (NOX), speciﬁc hydrocarbons (HC) and speciﬁc
carbon dioxide (CO2) on a power-speed plane. The performance and emission maps are experimen-
tally investigated, compared, and critically discussed. Apart from medium loads at lower and med-
ium speeds with diesel piloted hydrogen combustion, dual fueling produced lower thermal efﬁciency
everywhere across the map. For diesel and RME single fueling the maximum speciﬁc NOX emis-
sions are centered at the mid speed, mid power region. Hydrogen dual fueling produced higher
speciﬁc NOX with both pilot fuels as compared to their respective single fueling operations. The
range, location and trends of speciﬁc NOX varied signiﬁcantly when compared to single fueling
Nomenclature
Abbreviations
BMEP brake mean effective pr
CI compression ignition
CO carbon mono oxide
CO2 carbon dioxide
304 S. Imran et al.cases. The volumetric efﬁciency is discussed in detail with the implications of manifold injection of
hydrogen analyzed with the conclusions drawn.
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HC hydrocarbons
IC internal combustion
NOX oxides of nitrogen
RME rape methyl ester
SI spark ignition1. Introduction
Limited reserves and the increasing environmental impact of
the conventional fossil fuels have recently been two majors
concerns of the researchers [1,2]. Two strategies have been
evolved to meet these challenges: the use of alternate fuels to
reduce the dependence on fossil fuels [3,4] and the development
of clean burning fuels to meet the strict emissions targets [5].
Owing to its superior combustion characteristics, hydrogen
has received particular attention [6–8].
Approximately 95% of the hydrogen currently produced is
by steam reforming of natural gas (a catalytic thermo-chemical
conversion process). Renewable hydrogen-production meth-
ods, such as electrolysis of water using renewably generated
electricity [9], pyrolysis [10], photo-biological water splitting,
photo-electro-chemical [11] water splitting, solar thermo-
chemical water splitting and biomass steam gasiﬁcation [12]
are techniques yet to be fully realized [13] but make hydrogen
a viable alternative to fossil derived fuels, or as a substitute fuel
for at least a portion of the overall energy supplied to these
engines, e.g. in dual fuel mode operation [14,15].
Owing to the high auto-ignition temperature of hydrogen, it
is difﬁcult to ignite a hydrogen/air mixture on the basis of mix-
ture temperature alone. The ignition of hydrogen is achieved
through a spark plug in spark ignition (SI) whereas a high
cetane liquid fuel is injected at the end of compression to start
the ignition in compression ignition (CI) engines. This mode of
operation in CI engines is referred to as dual fueling [14,15].
Some studies have theoretically [16] and others have experi-
mentally [17]assessed the effect of pilot fuel quantity in dual
fueling mode. Studies have been conducted with diesel piloted
hydrogen combustion [18] and biodiesel piloted hydrogen [14].
Comparison between these two pilots has been made [19] but
at a very limited range of engine operating conditions. Also,
studies [20] have indicated that the ignition delay is affected
if the percentage of H2 in fuel mixture is varied.
Hydrogen has a high burning velocity which leads to
increased in-cylinder pressures and higher temperatures, result-
ing in increased NOX emissions. This effect may be reduced by
making the mixture leaner using hydrogen’s property to be
ﬂammable over a very wide range of concentrations in air
(from 4% to 75%) [21–23]. This allows for the application oflearner combustion, resulting in a reduction of temperature
and pressure, and lower NOX emissions [24]. However, the ini-
tiation and development of the multiple turbulent ﬂames
require an H2–air mixture richer than the lean ﬂammability
limit [25]. Most studies have limited the enthalpy fraction of
hydrogen to a maximum of 15% [22,26]. The upper limit of
hydrogen addition with manifold injected hydrogen is deter-
mined by the quenching gap of the hydrogen ﬂame which
can travel past the nearly-closed intake valve and more readily
backﬁres into the engine’s intake manifold [27]. There is a need
to examine the performance and emissions of a naturally aspi-
rated CI hydrogen dual fueled engine at higher hydrogen
enthalpy fractions. The maximum enthalpy fraction in this
study is 30%.
Hydrogen has been shown to increase ﬂame stability [26]
and improve thermal efﬁciency [28]. It is believed that the high
diffusion coefﬁcient of hydrogen leads to highly turbulent
ﬂame propagation rate [26,29,30]. The addition of hydrogen
to increase the ﬂame stability has been studied extensively
because of the belief that ﬂame propagation is the key factor
in improving combustion [24,26,31,32]. Engine speed is often
neglected in these studies, but it is clearly one of the key factors
in mixing, ﬂame propagation and the residence time. Increased
engine speed enhances turbulence and hence affects mixing and
ﬂame propagation characteristics. On the other hand the resi-
dence time is reduced, therefore the overall effect of hydrogen
addition on combustion should be examined with changing
speeds. Measurement of NOX emissions offers an indirect indi-
cation of combustion temperatures. The effect of hydrogen
addition on combustion and hence the thermal efﬁciency with
varying amounts of hydrogen has been studied previously
[22,25] but often limited to one engine speed and a small range
of loads.
A number of studies have examined different emissions of
hydrogen in dual fueled CI engines. Some of these studies have
considered engine operation at one speed only [22,25,28,33];
others have considered two speeds only [34,14]. The general
trend exhibited in these studies is an increase in NOX emissions
and a decrease in HC, CO and CO2 when compared to single
fueling with their respective pilot fuels. The increase in NOX
emissions with increasing hydrogen addition are attributed to
increased ﬂame temperature, and the reductions in HC, CO
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bon content of the fuel. The range of applied loads in these
studies is one [34], two [14,25] three [22], four [28] and ﬁve [33].
As discussed above, the physical as well as chemical prop-
erties of hydrogen vary signiﬁcantly from the properties of
the conventional fuels like gasoline and diesel. Wider ﬂamma-
bility and non visible ﬂames in case of hydrogen are two such
properties that require additional safety measures to be taken.
Regarding the design a system utilizing hydrogen as a fuel, the
selection of materials used, operation, storage and transporta-
tion of hydrogen, NASA guidelines are comprehensive and
useful [35].
‘‘Fuel maps’’ are the performance or emissions maps pre-
senting the full contours of thermal efﬁciency or brake speciﬁc
fuel consumption and different speciﬁc emissions plotted
throughout the power versus speed range of the engine. Only
a few studies have reported such fuel maps [29,36–38]. One
such study, limited to diesel and RME based single fueling,
has already been conducted in the group to reﬂect the thermal
efﬁciency as well as speciﬁc emissions contours on the power-
speed plane [39]. Volumetric efﬁciency can signiﬁcantly affectTable 1 Engine speciﬁcations.
No. of cylinders 1
Bore 107.95 mm
Stroke 152.40 mm
Swept volume 1394 106 m3
Clearance volume 115:15 106 m3
Compression ratio 13.11:1
Max. power 11 kW @ 1500 r/m
IVO 10BTDC
IVC 40ABDC
EVO 50BBDC
EVC 15ATDC
Fig. 1 Experimental rig othe performance and emissions in IC engines and has been
investigated and reported [40]. In another study in the group,
performance and emissions contours of natural gas fueled
compression ignition engine have been presented including
the effect of natural gas induction on the engine’ volumetric
efﬁciency [41]. This paper details the performance and emis-
sions maps of a hydrogen dual fueled compression ignition
engine.
The engine used in the study is a standard test rig, typical of
the majority of such engines used in the developing economies
of the world. The shape and region of contours in presented in
this study are representative of those shapes for typical CI
engines although more modern engines may have higher ther-
mal efﬁciency and lower emissions.
2. Experimental set up
A four-stroke single-cylinder, direct-injection Gardner 1L2
compression ignition engine was used, the speciﬁcations of
which are shown in Table 1. Fig. 1 shows the schematic layout
of the experimental rig, which includes a hydraulic brake, fuel
supply lines, various emission analyzers and instrumentation.
Pilot fuels are injected directly into the cylinder through the
standard engine fuel-injection system. Hydrogen is supplied
from a 20 MPa compressed hydrogen gas tank (hydrogen pur-
ity of 99.995%). A hydrogen pressure regulator ﬁtted on the
tank with a ﬂame arrestor feeds the hydrogen fuel line at
0.15 MPa, which is connected to a hydrogen ﬂow meter (CT
Platon glass variable area ﬂow meter, 44 l/min scale, 1.25%
full scale deﬂection). At the control valve just before the ﬂow
meter, the pressure in the fuel line drops to about atmospheric
pressure. Adjusting the hydrogen supply pressure does not
affect this ﬁnal supply pressure, and therefore does not affect
the fuel ﬂow rate. The hydrogen then feeds in the intake man-
ifold via a stainless steel pipe ﬁtted with a ball valve. This pipe
is oriented such that the outlet points into the intake air streamf dual-fueled CI engine.
306 S. Imran et al.(against the air ﬂow) in order to enhance mixing. Air ﬂow mea-
surements are made using an inclined manometer.
For the baseline diesel and RME testing, and for dual fuel-
ing, the tests were conducted at six different engine speeds,
starting from 1000 rev/min and going up to 1500 rev/min with
an increment of 100 rev/min. For normal CI engine operation,
the load placed on the engine started at a BMEP of 0.126 MPa
and went up to a BMEP of 0.630 MPa in 0.126 MPa incre-
ments. 0.630 MPa BMEP is the maximum rated load for this
engine. During hydrogen dual-fuel operation the amount of
pilot fuel injected is set at a ﬂow rate providing 0.378 MPa
BMEP during normal engine operation. The engine power out-
put is then increased further by adjusting the ﬂow rate of
hydrogen inducted by the engine to reach the high load
regions. Whilst operating at the highest load points the engine
is unable to induct the required quantity of hydrogen to pro-
vide the power output. This is a result of manifold injection
of the hydrogen and the low energy content of hydrogen on
a volume basis. A consequence of this is that when the engine
power output demand is high, a larger portion of the enthalpy
must be met by the pilot fuel. As the pilot fuel quantity is to be
kept constant during data collection this led to the pilot fuel
quantity being set at a level that met the low power output
demands alone, therefore hydrogen addition at the lower out-
puts could not be achieved, only the upper half of the standard
engine load range can be achieved with hydrogen dual-fueling.
Table 2 shows the details of different analyzers used in this
work to record emissions. Analyzers used to record NOX and
HC emissions were fed with sample gases through a heated lineTable 2 Analyzers used to measure different emissions.
Type of emission Analyzer used
NOX Signal 4000 VM chemiluminescence analyzer
HC Rotork analysis model 523 (FID) analyzer
CO, CO2, O2 Servomex 4210C
(a) Cylinder pressure for pure diesel and diesel piloted
ydrogen at a BMEP of 0.503 MPa and 1000 rev/min
Fig. 2 Experimentally obtained in-cylinder pressure (a) and rate of
0.503 MPa with diesel pilot set at 0.315 MPa for the dual fueling caseat 160 C. Steady state operation was ensured every measure-
ment by allowing the engine to run for 10 min. The statistical
variations in measured results in steady state operation in each
operating speed-power combination were insigniﬁcant, but 10
measurements were averaged at each data point. To plot the
contours, the data recorded from the engine were processed
and the Iso Contours of the different performance and emis-
sions parameters were generated by using a Matlab function
written for this purpose
3. Sample pressure and rate of heat release data
Figs. 2(a) and (b) show in-cylinder pressure and rate of energy
release for pure diesel and diesel piloted hydrogen at
0.503 MPa with diesel pilot set at 0.315 MPa for the dual fuel-
ing case 1000 rev/min. Figs. 3(a) and (b) show in-cylinder pres-
sure and rate of energy release for pure RME and RME
piloted hydrogen at 0.503 MPa with RME pilot set at
0.315 MPa for the dual fueling case 1000 rev/min. When
hydrogen is piloted by either diesel RME, it produces higher
peak cylinder pressure when compared to the single fueling
cases based on the respective pilot fuels. Also, the rate of
energy release peak is higher in case of hydrogen based dual
fueling when compared to the respective single fueling cases.
Pressure data were recorded and analyzed on all points and
these trends are representative only and are presented to sup-
port the claims made in the following sections.
4. Diesel and diesel piloted hydrogen dual fueling
4.1. Thermal and volumetric efﬁciencies
Fig. 4(a) illustrates the thermal efﬁciency contours of the
engine operating under normal CI conditions when fueled with
diesel. The contours show that at any operating engine speed
the engine’s thermal efﬁciency increases with increasing power
output except at the highest power levels, where a small(b) Rate of energy release for pure diesel and diesel
iloted hydrogen at a BMEP of 0.503 MPa and 1000
rev/min
energy release (b) for pure diesel and diesel piloted hydrogen at
1000 rev/min.
(a) Cylinder pressure for pure RME and RME piloted
hydrogen at a BMEP of 0.503 MPa and 1000 rev/min
(b) Rate of energy release for pure RME and RME
p iloted hydrogen at a BMEP of 0.503 MPa and 1000
rev/min
Fig. 3 Experimentally obtained in-cylinder pressure (a) and rate of energy release (b) for pure RME and RME piloted hydrogen at
0.503 MPa with diesel pilot set at 0.315 MPa for the dual fueling case 1000 rev/min.
(a) Thermal Eﬃciency - Diesel (b) Thermal Eﬃciency - Diesel Plus H2
(c ) Enthaply fraction from hydrogen
Fig. 4 Experimentally obtained thermal efﬁciency contours of baseline diesel (a), diesel–H2 dual fueling operation (b) and percentage
enthalpy from hydrogen in diesel–H2 dual fueling operation (c) where in all cases the pilot fuel contributes to 0.378 MPa of the total
BMEP.
Performance and speciﬁc emissions contours 307reduction in thermal efﬁciency is observed. At the highest
engine speed this reduction in thermal efﬁciency at the highest
power is smaller. This contour plot is a good example of the
advantage of expressing engine data in this manner. The full
thermal efﬁciency contours with respect to both the power
and the speed are expressed. The gradient of the contours indi-
cates that at any value of power below 5 kW, and as enginespeed increases, the thermal efﬁciency is monotonically
decreasing. At higher engine powers, e.g. at 7 kW, the thermal
efﬁciency is 32% at 1100 rev/min, increases to 33% at
1250 rev/min, and decreases from that maximum value with
further increase in engine speeds.
The thermal efﬁciency contours of diesel piloted hydrogen
dual fueling are shown in Fig. 4(b). They start from the
308 S. Imran et al.baseline low-load line with BMEP value of 0.378 MPa (where
there is no hydrogen added i.e. all the fuel enthalpy is supplied
by the diesel pilot fuel). Any further increase in power is
obtained through the induction of hydrogen in the intake man-
ifold, and the quantity of diesel pilot fuel is kept constant for
that speed setting. The engine operates at medium and higher
load conditions when it is in dual fuel operation. The maxi-
mum enthalpy fraction from hydrogen in this case is 29% as
illustrated in Fig. 4(c).
In the following comparisons between the various fueling
modes are made at the same speed and power settings. When
a small amount of hydrogen is inducted into the intake mani-
fold, for instance when hydrogen is contributing 10% of the
total fuel enthalpy, the thermal efﬁciency is 1.5% lower than
the standard diesel-only fuel operation as shown in Fig. 4(a).
When the hydrogen enthalpy fraction was increased to 22%
of the total fuel enthalpy, then the performance of the dual fuel
mode deteriorated and the efﬁciency difference increased to
3% at the same speed and power settings. When the enthalpy
fraction of H2 was increased beyond 25% (near maximum
power), it resulted in higher thermal efﬁciencies compared to
the baseline diesel-only single fueling case at all speeds but
the highest.
For different speeds while operating at a hydrogen enthalpy
fraction of 29% the increase in thermal efﬁciency was around
1.6% (at low and medium speeds) but it was 3.0% lower at the
highest speed. This is in agreement with the literature in stating
that the addition of hydrogen leads to an improvement in the
thermal efﬁciency. However, at lower power outputs there is a
reduction in thermal efﬁciency with hydrogen addition. At the
highest power outputs the higher thermal efﬁciency values can
be attributed to hydrogen contributing to more complete com-
bustion due to higher combustion temperatures and pressures.
Comparison of Fig. 5(a) and (b) indicates that induction of
hydrogen into the intake manifold compromises volumetric
efﬁciency by approximately 5%; but near the peak loads
attainable with dual fueling there is a 1.6% increase in thermal
efﬁciency, especially at low and medium speeds. This is
because at low and medium speeds hydrogen combustion is
not affected by the phenomenon of under-mixing as observed
in the single fueling case (the hydrogen is inducted into the
intake manifold and it has more time to mix with air). This
could be an advantage of manifold induction over direct injec-
tion of hydrogen into the combustion chamber.(a) Volumetric Eﬃciency - Diesel (b
Fig. 5 Experimentally obtained volumetric efﬁciency contours of bas
cases the pilot fuel contributes to 0.378 MPa of the total BMEP.In general, at a given power rating the volumetric efﬁciency
decreases as the engine speed increases due to increasing fric-
tion of the airﬂow during the induction and exhaust phase of
the cycle. At a given engine operating speed higher loads mean
more fuel and higher operating temperatures, including higher
inlet manifold temperature, thus heating the intake air and
adding to the reduction volumetric efﬁciency. Comparison of
Fig. 5(a) and (b) illustrates that the slope of the volumetric efﬁ-
ciency contours is ﬂatter for hydrogen dual fueling than for
baseline diesel operation. The lower values are observed
because in the dual-fueling case, a part of the incoming air is
being displaced by the hydrogen in the intake manifold, thus
reducing the air ﬂow rate. The frictional losses are known to
increase as the square of engine speed [38]. The slope of the
iso-contours of volumetric efﬁciency for dual fuel mode differ
signiﬁcantly from those for single fuel mode. This is due to a
larger portion of the intake air being displaced by the increas-
ing addition of the hydrogen as the engine speed is increased.
This increasing amount of displacement leads to a difference in
scaling of volumetric efﬁciency with engine speed between the
two modes. This is another consequence of the addition of the
hydrogen in the intake manifold. As the volumetric efﬁciency
is calculated from the air ﬂow rate, increasing levels of hydro-
gen at the manifold displace air from the ﬂow rate. There is less
air ﬂowing through the intake system thus the frictional effects
of speed are reduced leading to the variation in scaling that is
observed in the single fueling case.
The volumetric efﬁciency map as shown in Fig. 5(b) reﬂects
the lower values for the dual fuel mode. This is to be expected
as a portion of the inducted air is being displaced by the hydro-
gen in the intake, reducing the air partial pressure below that
of the mixture pressure. Also as to be expected is the drop of
volumetric efﬁciency as the engine speed increases for both
modes of operation. This drop in volumetric efﬁciency between
the two modes is clear when Fig. 5(a) and (b) are compared.
4.2. Speciﬁc NOX
Fig. 6(a) shows the full contours of speciﬁc NOX emissions for
the engine operating on baseline diesel fuel. The absolute value
of NOX emissions is increasing with increasing combustion
temperature and increasing residence time. Therefore as engine
operating speed is increases NOX emissions increase up to a
maximum in mid operating speed, and then decrease as) Volumetric Eﬃciency - Diesel Plus H2
eline diesel (a) and diesel–H2 dual fueling operation (b) where in all
(a) Speciﬁc NOX /g/MJ - Diesel (b) Speciﬁc NOX /g/MJ - Diesel Plus H2
Fig. 6 Experimentally obtained speciﬁc NOX emissions contours for baseline diesel (a) and diesel–H2 dual fueling (b).
Performance and speciﬁc emissions contours 309residence time decreases with increasing rev/min. At any
engine operating speed the absolute NOX emissions increase
with increasing power, but after the mid-power range the
increase in absolute NOX is lower than the increase in power,
so that the speciﬁc NOX emissions decrease above the mid-
power range. These combined effects result in a central region
of maximum speciﬁc NOX in the power-speed plane. At con-
stant speed as the power output is increased or decreased from
this central region, the speciﬁc NOX decreases. Similarly, at
constant power as the speed is increased or decreased past
the central region, the speciﬁc NOX decreases.
Fig. 6(b) reﬂects the higher NOX speciﬁc emissions in the
diesel–hydrogen dual-fueling case. Compared to the baseline
diesel fueling, hydrogen based dual fueling resulted in higher
NOX at all speed and power combinations. The high diffusivity
(ability to disperse in the air) of hydrogen makes the com-
bustible mixture more pre-mixed, hence improving the com-
bustion quality, resulting in higher in-cylinder temperatures.
Smaller quenching distance in the case of hydrogen can be
another reason for these higher speciﬁc NOX emissions.
Smaller quenching distances make it possible for the hydrogen
ﬂame to travel closer to the combustion chamber walls before
being extinguished, maintaining higher temperatures longer in
the end phases of the combustion process. The range of speciﬁc
NOX values is in a narrow band between 2.8 and 3.2 g/MJ
across operating speeds and powers. This can be attributed
to insigniﬁcant variation in minimum ignition energy required
when the equivalence ratio varies in range 0.5 < /< 1.0,
leading in earlier beginning of combustion and therefore in
higher in-cylinder temperature and pressure.(a) Speciﬁc HC /g/MJ - Diesel
Fig. 7 Experimentally obtained speciﬁc HC emissions contoThe slightly lower speciﬁc NOX values at higher speeds
can be attributed to the shorter residence time available.
The speciﬁc NOX values reﬂect three parameters: the in-
cylinder temperature; the oxygen available; and the efﬁciency
of the engine (a result of the speciﬁc nature of the measure-
ment). As the power increases at constant speed, higher
absolute NOX results due to higher in-cylinder temperature,
and at the same time the engine is becoming more efﬁcient.
At higher powers, the rate at which the in-cylinder temper-
ature increases is dominated by the rate at which the engine
efﬁciency increases with any changes in the load applied to
the engine. Therefore, the lower ignition energy and wider
operating equivalence ratio of hydrogen result in the speciﬁc
NOX trends in the diesel–hydrogen fueling case to follow the
shape of the thermal efﬁciency contours.4.3. Speciﬁc HC
For the baseline single-fuel diesel case the speciﬁc HC emis-
sions shown in Fig. 7(a) follow the reverse of the thermal efﬁ-
ciency contour shapes. Thus the lowest values of the speciﬁc
HC emissions are in the regions of the highest thermal efﬁ-
ciency contours, and the high speciﬁc HC emissions are mea-
sured at the lower power outputs. The speciﬁc HC emissions
map for diesel piloted hydrogen dual-fuel mode is shown in
Fig. 7(b).
The speciﬁc HC emissions follow similar trends (they follow
the reverse of the thermal efﬁciency contours of the dual-
fueling case). Overall at the same speed and power settings(b) Speciﬁc HC /g/MJ - Diesel Plus H2
urs for baseline diesel (a) and diesel–H2 dual fueling (b).
310 S. Imran et al.the speciﬁc HC emissions are slightly lower in the dual fuel
mode compared to the baseline diesel single-fuel case.
This is because the amount of carbon going into the engine
is not increasing as the pilot fuel quantity is ﬁxed at the base
load setting. Better combustion at higher load due to higher
in-cylinder temperature can be another reason for this signiﬁ-
cant decrease in speciﬁc HC. This shows that unlike diesel, die-
sel ignited H2 combustion does not have the problem of under
mixing at higher loads. Fig. 4(b) illustrates that at the highest
power with the enthalpy fraction of hydrogen at 29%, the dual
fueling case is more efﬁcient compared to single fueling at the
same operating points. This demonstrates a higher combustion
efﬁciency as well as producing more brake power. This is
another reason for the reduction of the HC emissions.
Fundamental studies of non-premixed combustion have shown
increased ﬂame stability due to higher ﬂame speeds and
improved mixing with the increased hydrogen addition [26].
The results presented here are consistent with this argument.
Although the volumetric efﬁciency of the dual fueling case is
about 5% less than diesel based single fueling, the speciﬁc
HC values are lower. This can be attributed to better mixing
of the hydrogen and air, the lower carbon content in the mix-
ture, and the faster reaction rates of hydrogen combustion.
4.4. Speciﬁc CO2
Figs. 8(a) and (b) show speciﬁc CO2 maps for the baseline die-
sel and the diesel piloted dual fueling of hydrogen respectively.
Diesel piloted hydrogen combustion produces less CO2 when
compared to the pure diesel based single fueling. When the
hydrogen fraction is 22% and 29%, a decrease of 12.5% and(a) Speciﬁc CO2/g/MJ - Diesel (
(c) Speciﬁc O2 /g/MJ - D
Fig. 8 Experimentally obtained speciﬁc CO2 emissions contours for
emissions for diesel–H2 dual fueling (c).35% in CO2 is observed. When compared to diesel based nor-
mal fueling, lower values of CO2 emissions can be attributed to
the lower carbon to hydrogen ratio. About a 5% loss in volu-
metric efﬁciency can be another reason for this but the speciﬁc
O2 map for the dual fueling as shown in Fig. 8(c) does not sup-
port this argument. Similar levels of speciﬁc O2 are observed
both for the single as well as the dual fueling case. This also
shows that the improved combustion of hydrogen can com-
pensate for the oxygen which is displaced by the injection of
hydrogen into the intake manifold.
5. RME and RME piloted hydrogen dual fueling
5.1. Thermal and volumetric efﬁciencies
Fig. 9(a) illustrates the thermal efﬁciency contours of the
engine operating under normal CI conditions when fueled with
RME. Overall the shape of the thermal efﬁciency contours for
diesel and RME baselines are very similar, but the thermal efﬁ-
ciency with RME is marginally higher than with diesel. The
thermal efﬁciency contours with hydrogen dual fueling and
RME pilot fuel are shown in Fig. 9(b).
They start from the baseline low-load line with BMEP
value of 0.378 MPa (where there is no hydrogen added i.e.
all the fuel enthalpy is supplied by the RME pilot fuel). Any
further increase in power is obtained through the induction
of hydrogen in the intake manifold, and the quantity of
RME pilot fuel is kept constant for that speed setting. The
engine operates at medium and higher load conditions when
it is in dual fuel operation. The maximum enthalpy fraction
from hydrogen in this case is 33% as illustrated in Fig. 9(c).b) Speciﬁc CO2 /g/MJ - Diesel Plus H2
iesel Plus H2
baseline diesel (a) and diesel–H2 dual fueling (b) and speciﬁc O2
(a) Thermal Eﬃciency - RME (b) Thermal Eﬃciency - RME Plus H2
(c) Enthaply fraction from hydrogen
Fig. 9 Experimentally obtained thermal efﬁciency contours of baseline RME (a), RME–H2 dual fueling operation (b), and percentage
enthalpy from hydrogen in RME–H2 dual fueling operation (c) where in all cases the pilot fuel contributes to 0.378 MPa of the total
BMEP.
Table 3 Performance comparison of diesel and RME as pilot
fuels in hydrogen combustion.
Pilot
fuel
Load/speed Enthalpy
fraction of H2
Thermal
eﬃciency
Speciﬁc
NOX
Diesel Lower
medium/all
10% 1.5%# 3.3%"
Medium/
low!medium
22% 3.2%# 16%"
High/
low!medium
29% 1.5%" 31%"
High/high 29% 3.2%" 27%"
RME Lower
medium/all
15% 4.5%# 4%"
Medium/all 27% 6%# 7%"
High/all 33% 4.5%# 23%"
Performance and speciﬁc emissions contours 311Similarly to the diesel-pilot case, the engine is operating at
high medium and high power conditions when it is fueled by
RME-piloted hydrogen. Comparison of Fig. 9(a) and (b) illus-
trates that the thermal efﬁciency has deteriorated with the
addition of hydrogen, and the deterioration is slightly higher
than what is observed in the diesel piloted hydrogen dual fuel-
ing case. When 15%, 27% and 33% of the total enthalpy is
provided by hydrogen, the thermal efﬁciency of this dual fuel-
ing case decreases by about 5% for all cases at all speeds.
Similar differences are observed when diesel piloted hydrogen
combustion is compared to RME piloted hydrogen combus-
tion. From the thermal efﬁciency point of view diesel has
proved to be better pilot fuel compared to RME. More hydro-
gen is inducted when RME is used to pilot the hydrogen com-
bustion. The performance comparison of diesel and RME as
pilot fuels is shown in Table 3. The inferior performance of
RME as a pilot fuel can be attributed to its poor ignition char-
acteristics. The table shows hydrogen enthalpy fraction against
any improvement or deterioration in thermal efﬁciency and
speciﬁc NOX. The thermal efﬁciency and NOX columns con-
tain percentage change in these parameters when compared
to the respective single fueling cases with diesel and RME as
baselines.
The slopes and values of volumetric efﬁciency contours for
diesel and RME baseline cases as shown in Figs. 5 and 10(a)
are very similar. The slope of the volumetric efﬁciency con-
tours for RME piloted combustion of hydrogen as shown in
Fig. 10(b) is ﬂatter than the slope of the volumetric efﬁciency
contours for diesel piloted hydrogen as shown in Fig. 5(b).This is a consequence of the reduced heating value of RME
compared to diesel. Figs. 4 and 9(c) show the enthalpy contri-
bution of hydrogen for diesel and RME piloted dual fueling of
hydrogen. The enthalpy fraction of hydrogen at each setting is
larger with RME as compared to the diesel dual fueling hence
a larger proportion of the intake air is being displaced by the
hydrogen, further increasing the change in scaling between
speed and volumetric efﬁciency as discussed previously at the
end of Section 4.1.
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Figs. 11(a) and (b) illustrate the speciﬁc NOX contours for the
RME baseline and the RME piloted dual fueling of hydrogen
respectively. The overall trends and explanations for the speci-
ﬁc NOX emissions with RME single fueling are analogous to
those of baseline diesel and diesel-piloted hydrogen of the pre-
vious section.
Comparison of Fig. 11(a) and (b) reﬂects an overall higher
NOX with RME piloted hydrogen combustion when compared
to the RME single fueling case.(a) Volumetric Eﬃciency - RME (b
Fig. 10 Experimentally obtained volumetric efﬁciency contours of
constant pilot fuel BMEP of 0.378 MPa.
(a) Speciﬁc NOX /g/MJ - RME (b
Fig. 11 Experimentally obtained speciﬁc NOX emissions con
(a) Speciﬁc HC /g/MJ - RME
Fig. 12 Experimentally obtained speciﬁc HC emissions contThe RME piloted hydrogen combustion results in higher
absolute NOX due to higher in-cylinder temperatures. In addi-
tion the comparison of the thermal efﬁciency contours suggests
that the RME piloted dual fueling is less efﬁcient compared to
pure RME single fueling across the entire contour range.
When the two dual fueling cases are compared in terms of
speciﬁc NOX emissions, RME piloted hydrogen combustion
produces lower speciﬁc NOX compared to the diesel based dual
fueling. Reduced volumetric efﬁciency in case of RME piloted
hydrogen combustion when compared to the diesel based dual
fueling case can be a reason for lower NOX.) Volumetric Eﬃciency - RME Plus H2
baseline RME (a) and RME–H2 dual fueling operation (b) at
) Speciﬁc NOX /g/MJ - RME Plus H2
tours for RME baseline (a) and RME–H2 dual fueling (b).
(b) Speciﬁc HC /g/MJ - RME Plus H2
ours for RME baseline (a) and RME–H2 dual fueling (b).
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Figs. 12(a) and (b) illustrate the speciﬁc HC maps for the RME
baseline and the RME piloted dual fueling of hydrogen respec-
tively. The overall trends and explanations for speciﬁc HC
emissions with RME single fueling and RME piloted dual fuel-
ing of hydrogen are analogous to those of baseline diesel and
diesel-piloted hydrogen of the previous section. Similar or
slightly higher speciﬁc HC values are recorded when RME
substitutes diesel for piloted hydrogen combustion. This small
difference in speciﬁc HC numbers can be attributed to the rel-
atively poor atomization and ignition characteristics of RME
compared to diesel for the similar roles.
Although more carbon is being injected at higher power
outputs, in the case of single fueling the speciﬁc HC values
for both modes (single and dual) are practically the same.
Fig. 9(a) and (b) that illustrate the thermal efﬁciency contours
for the two modes can be used to explain this trend. As dis-
cussed earlier, RME based single fueling is shown to be more
efﬁcient compared to RME piloted hydrogen dual fueling.
This results in more brake power thus reducing the magnitude
of speciﬁc HC emissions despite the fact that the absolute val-
ues of HC are higher.
6. Conclusions
Many studies presenting performance and emissions character-
istics of CI engines operating with various fuels, including
hydrogen, present these characteristics at a few load settings
and engine rotational speed combinations. With hydrogen
fueled CI engines these studies are usually limited to one type
of pilot fuel (in most cases diesel). Few studies are available
where different types of pilot fuels have been investigated with
hydrogen; and in general engine performance and emissions
contours have not been investigated throughout the operating
speed and power range. In the work presented here the perfor-
mance and emissions contours of a hydrogen fueled CI engine
with two pilot fuels (diesel and RME) are experimentally inves-
tigated, assessed, compared, and critically discussed.
 In single fuel mode diesel and RME behave very similarly.
The maximum thermal efﬁciency reached with RME is mar-
ginally higher than the maximum thermal efﬁciency reached
with diesel. The speciﬁc NOX emissions contours have sim-
ilar trends, and those with RME are higher than those with
diesel.
 In dual fuel mode the maximum thermal efﬁciency reached
with RME is marginally lower than the maximum thermal
efﬁciency reached with diesel. The speciﬁc NOX emissions
contours have similar trends, and those with RME are
lower than those with diesel.
 In general, at a given power rating the volumetric efﬁciency
decreases as the engine speed increases due to increasing
friction of the airﬂow during the induction and exhaust
phase of the cycle. At a given engine operating speed higher
loads mean more fuel and higher operating temperatures,
including higher inlet manifold temperature, thus heating
the intake air and reducing volumetric efﬁciency. The slope
of the volumetric efﬁciency contours is ﬂatter and values are
lower for hydrogen dual fueling when compared to diesel
and RME based single fueling cases. This is a consequenceof the method used to introduce hydrogen into the engine.
As the hydrogen has been introduced via manifold injec-
tion, a portion of the intake air is displaced by the hydro-
gen, reducing the measured volume ﬂow rate of air into
the engine. This leads to a reduction of the engine’s volu-
metric ﬂow rate. The slope of the iso-contours differs due
to a change in the scaling of volumetric efﬁciency with
engine speed. As the amount of hydrogen added is increased
to meet the increase in speed demand, larger amounts of air
are displaced. As the hydrogen is introduced at the mani-
fold and does not ﬂow through the entire intake system
but the air does, the scaling law as noted by Heywood
[38] does not hold.
 For diesel and RME single fueling the location of maximum
NOX is in the central region of the maps, with the speciﬁc
NOX decreasing in all directions across the whole map.
For low and medium speeds, the speciﬁc NOX emissions
increase initially as the power output is increased, and then
start to decrease after reaching a maximum value. RME
produces lower speciﬁc NOX as compared to the diesel fuel.
 The hydrogen addition has been shown to increase speciﬁc
NOX emissions with both of the pilot fuels when compared
to the respective single fueling cases. The lower ignition
energy and wider operating equivalence ratio of hydrogen
result in the speciﬁc NOX trends in the diesel piloted dual
fueling to follow the shape of the thermal efﬁciency
contours.
 RME piloted hydrogen shows slightly reduced NOX emis-
sions compared to diesel piloted hydrogen at higher speeds.
 Lower speciﬁc HC emissions were recorded at highest loads
attributed to reduction in carbon–hydrogen ratio and
improved combustion with increasing hydrogen addition.
 Overall diesel has shown better performance as a pilot fuel
for hydrogen.
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